The kinetic studies on the reactions of O-methyl (1), O-propyl (3) and O-isopropyl (4) phenyl phosphonochloridothioates with substituted anilines and deuterated anilines have been carried out in acetonitrile at 55.0 o C. A concerted S N 2 mechanism is proposed for the anilinolyses of 1, 3 and 4. The anilinolysis rates of the phosphonochloridothioates are predominantly dependent upon the steric effects over the inductive effects of the two ligands. The deuterium kinetic isotope effects (DKIEs; k H /k D ) are primary normal with 1 and 3, while secondary inverse with 4. Primary normal and secondary inverse DKIEs are rationalized by frontside and backside nucleophilic attack transition state, respectively. The DKIEs of the phosphonochloridothioates do not have any consistent correlations with the two ligands.
Introduction
The nucleophilic substitution reactions of tetracoordinate phosphorus involving a leaving group of chloride have been extensively studied in this lab. Two main types of displacement processes are well known in neutral phosphoryl and thiophosphoryl group transfer reactions: the stepwise mechanism (A N + D N ) involving a trigonal bipyramidal pentacoordinate (TBP-5C) intermediate and the concerted displacement (A N D N ) at phosphorus through a single pentacoordinate transition state (TS). To extend the kinetic studies on the anilinolyses of the phosphonochloridothioates, the nucleophilic substitution reactions of O-methyl (1) , Opropyl (3) and O-isopropyl (4) phenyl phosphonochloridothioates with anilines (XC 6 H 4 NH 2 ) and deuterated anilines (XC 6 H 4 ND 2 ) in acetonitrile (MeCN) at 55.0 ± 0.1 o C (Scheme 1) are investigated kinetically based on the selectivity parameters, steric effects of the two ligands on the rates and deuterium kinetic isotope effects (DKIEs). The purpose of this work is to gain further information on the anilinolyses of the phosphonochloridothioates depending upon the two ligands. The kinetic results of the present work are compared with those of O-ethyl 
Results and Discussion
The observed pseudo-first-order rate constants (k obsd ) were found to follow Eq. (1) for all the reactions under pseudofirst-order conditions with a large excess of aniline nucleophile. The k 0 values were negligible (k 0 ≈ 0) in MeCN. The second-order rate constants (k H and k D ) were determined for at least five concentrations of anilines. The linear plots of Eq. (1) suggest that there is no base-catalysis or noticeable side reaction and that the overall reaction is described by Scheme 1.
Tables 1-3 summarize the k H and k D values of the reactions of 1, 3 and 4 with XC 6 H 4 NH 2 (D 2 ), respectively, together with the DKIEs (k H /k D ) and Hammett ρ X and Brönsted ρ X selectivity parameters. The Brönsted plots [log k H(D) vs pK a (X)] for the reactions of 1, 3 and 4 with XC 6 H 4 NH 2 (D 2 ) are shown in Figs. S25-S27, respectively (supporting information). The β X values are relatively large: β X(H) = 1.26, 1.04 and 1.10 with 1, 3 and 4, respectively. The primary normal DKIEs (k H /k D > 1) are observed with all the nucleophiles for the reactions of 1 and 3, whereas the secondary inverse DKIEs (k H /k D < 1) are observed with all the nucleophiles for 4. The values of the primary normal DKIEs invariably increase as the nucleophile becomes less basic for 1 [k H /k D = 1.08(X = 4-MeO) → 1.17(X = 3-Cl)] and 3 [k H /k D = 1.02(X = 4-MeO) → 1.48(X = 3-Cl)], while those of the secondary inverse DKIEs invariably increase with a stronger nucleo-
The second-order rate constants (k H ) with unsubstituted aniline, natural bond order (NBO) charges at the reaction center P atom p) The observed sequence of the anilinolysis rates is 1 > 2 > 3 > 4 > 5, giving the relative rates of 5.0(1) : 4.6(2) : 3.3(3) : 2.7(4) : 1(5). These results are not consistent with the expectations for the positive NBO charge at the reaction center P atom (4 > 3 ≥ 2 > 1 > 5), suggesting that the inductive effects of the two ligands do not play any role to decide the anilinolysis rates of Ph(R i O)P(=S)Cl-type phosphonochloridothioates. The sequence of the anilinolysis rates of 1 > 2 > 3 > 4 > 5 is inversely proportional to the size of the two ligands; the greater the size of the two ligands, the rate becomes slower. These results indicate that the steric effects of the two ligands play an important role to determine the anilinolysis rates of the phosphonochloridothioates.
The Taft eq. of 'log k H = δΣE S + C' may be used to rationalize the steric effects of the two ligands on the reaction rate where k H is the second-order rate constant with unsubstituted aniline in MeCN at 55.0 o C, E S is the Taft steric constant [E S = 0(Me), -0.07(Et), -0.36(Pr), -0.47(i-Pr) and -2.48(Ph)], ΣE S is the summation of the steric constants of the two ligands and δ is the sensitivity coefficient.
4 It should be noted that the value of ΣE S is not '
because the data of the Taft steric constant of R i O are not available. Figure 1 shows the Taft plot of log (1) Correlation coefficients (r) of ρX and βX values are better than 0.998. (3) k H with unsubstituted aniline (C 6 H 5 NH 2 ) against the summation of Taft steric constants of the two ligands for the anilinolyses of five phosphonochloridothioates (1) (2) (3) (4) (5) The size of PhS is more or less larger than that of PhO and, thus, the steric effects of the two ligands of 6 with Ph and PhS may be slightly greater than those of 5 with Ph and PhO in the TS. However, the anilinolysis rate of 6 is nine times slower than that of 5 which cannot be rationalized by the steric effects of the two ligands. The slower rate of 6 compared to that of 5 is attributed to the considerably smaller positive NBO charge at P atom of 6 compared to that of 5, (NBO charge) = 1.462(5)-0.999(6) = 0.463. These can be supported by the following statements. It is well known that the P=O systems are more reactive than those of their P=S counterparts for several reasons, the so-called 'thio effect', which is mainly the electronegativity difference between O and S, favors P=O over P=S systems.
12 For example, the anilinolysis rates of P=O systems (chlorophosphates) are 4-9 times faster than their P=S counterparts (chlorothiophophates), and the differences of the NBO charges at the reaction center P atom between P=O and P=S systems [(NBO charge at P atom) = (NBO charge at P atom of the P=O system) -(NBO charge at P atom of the P=S counterpart)] are in the almost constant range of 0.54-0.57 in the gas phase.
9,10
A concerted mechanism was proposed based on the negative ρ XY [= -0.38 (5) and -0.31 (6)] values for the anilinolyses of 5 and 6.
13 A concerted mechanism was also proposed for the anilinolysis of 2 based on the Brönsted coefficient [β X(H) = 1.23 (2)]. In the present work, a concerted mechanism is proposed based on the Brönsted coefficient [β X(H) = 1.26(1), 1.04(3) and 1.10(4): comparable with β X(H) (2) = 1.23, β X(H) (5) = 1.22-1.33 and β X(H) (6) = 1.21-1.25]. The relatively large Brönsted coefficients (β X(H) = 1.04-1.33) are typical for the anilinolyses of the phosphonochloridothioates even though the reactions proceed through a concerted S N 2 mechanism.
The DKIEs have provided a useful means to determine the TS structures in the nucleophilic substitution reactions, and how the reactants, especially through changes in substituents, alter the TS structures. Incorporation of deuterium in the nucleophile has an advantage in that the α-DKIEs reflect only the degree of bond formation. When partial deprotonation of the aniline occurs in a rate-limiting step by hydrogen bonding, the k H /k D values are greater than unity, primary normal (k H /k D > 1.0).
14 The greater the extent of the hydrogen bond, the value of k H /k D becomes greater. In contrast, the DKIEs can only be secondary inverse (k H /k D < 1.0) in a normal S N 2 reaction, since the N-H(D) vibrational frequencies invariably increase upon going to the TS because of an increase in steric congestion in the bond-making process. 15 The greater the degree of the steric congestion in the TS, the value of k H /k D becomes smaller.
The The attacking direction of aniline nucleophile can be semiquantitatively divided into three groups based on the magnitudes of the k H /k D values: (i) predominant backside attack inline-type TSb (Scheme 2) when k H /k D < 1; (ii) the fraction of the frontside attack hydrogen bonded, four-center-type TSf (Scheme 2) is greater than that of backside attack TSb when Thus, the authors propose the attacking direction of the anilines: for 1 and 3, predominant frontside attack based on k H /k D = 1.08-1.17 (1) ) and large negative values (-54 to -69 cal mol
), respectively, as shown in Table 5 . The relatively low value of activation enthalpy and large negative value of activation entropy are typical for the aminolyses of P=S systems.
Experimental Section
Materials. HPLC grade MeCN (water content is less than 0.005%) was used for kinetic studies without further purification. Anilines were redistilled or recrystallized before use. Deuterated anilines were synthesized by heating anilines and deuterium oxide (99.9 atom % D) and one drop of HCl as catalyst at 90 o C for 72 h, and after numerous attempts, anilines were deuterated more than 98%, as confirmed by 1 H NMR. The substrates 1, 3 and 4 were prepared by one step synthetic route. For 1, phenyl thiophosphonic dichloride was added dropwise to methanol over 10 min. After stirring for 40 min in ice-water, the reaction mixture was extracted using distilled water/ethyl acetate. The organic extract was dried over anhydrous MgSO 4 . The solvent was removed under reduced pressure and a yellow liquid product was isolated through column chromatography [silica gel, hexane/ethyl acetate (55:1) ]. For 3, phenyl thiophosphonic dichloride was reacted with 1-propanol at -10.0 o C with constant stirring. The product mixture was dried under reduced pressure and the product was isolated through column chromatography (30% ethyl acetate + n-hexane). For 4, phenyl thiophosphonic dichloride was reacted with isopropanol at -5.0 o C with constant stirring. The product mixture was dried under reduced pressure and the product was isolated through column chromatography (1% ethyl acetate + n-hexane). Analytical and spectroscopic data of the substrates of 1, 3 and 4 gave the following results (supporting information): 64, 75.56, 129.54, 129.70, 130.75, 130.88, 134.19, 134.23 ; 08, 103.56, 117.51, 121.78, 128.25, 128.48, 128.63, 129.32, 131.04, 131.35, 131.87, 132.38, 132.66 82, 21.41, 65.49, 114.26, 115.45, 118.83, 125.62, 128.14, 128.90, 129 .43, Scheme 2. Backside attack in-line-type TSb and frontside attack hydrogen bonded, four-center-type TSf. 
